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Introduction both with bedrock and with glacial geology (Salminen 1980 , Peuraniemi 1982 , Dilabio 1990 , Lestinen et al. 1991 . Thus the subject is a controversial one, and different methods of distinGeochemical till data have dual characteristics since geochemical anomaly patterns conform guishing glacial and bedrock factors in till data have been developed (Gustavsson & Kontio 1990 , Mäkinen 1991 .
Dealing with the problem solely with statistical or geochemical methods may result in excessive complexity or in a meaningless broadening of the element spectrum. However focusing the study on a few physical parameters may yield an interesting viewpoint to till geochemistry. The importance of physical properties of till comes out as concordance between the multielement concentration level and the clay-sized fraction in the fine fraction of till (Lintinen 1989 , Stewart & Broster 1990 , Räisänen et al. 1992 .
The incentive to examine the relationships between unit weight (UW) and the geochemical, mineralogical and other physical properties of the fine fraction came from the finding that physical properties are reflected in geochemical composition. The method was selected with a view to ease measurements, thus enabling UW to be determined with routine methods.
Mineralogical determinations are of paramount importance in establishing causalities between the physico-chemical properties of the till fine fraction. In this respect many studies focus on the clay mineralogy of the fine fraction (see Räisänen et al. 1992) , but besides phyllosilicates a major part of the mineral species in the fine fraction composes of quartz and feldspars. The enrichment of quartz relative to less resistant minerals has therefore a profound influence to the mineralogical and geochemical composition of the fine fraction as the transport distance of till increases (Dreimanis & Wagners 1971 , Perttunen 1977 , Haldorsen 1983 . The compositional trend of till to a mineralogically stable state is a consequence of glacial comminution and outwashing and the trend can be expressed as increase of the maturity. According to Haldorsen (Nykänen 1959) . Ice flow directions after Hirvas et al. (1988) .
(op cit.) comminution increases the proportion of phyllosilicates with respect of quartz but effect of outwashing is reverse. In fact the compositional trend/maturity is dependent on the resistance of minerals and on the susceptibility to outwashing.
The aim of the study is to elucidate relationship of the geochemical and mineralogical composition and UW of the fine fraction of till to the maturity. Maturity is reflected in the study material as an increase in abundance of quartz and feldspars in relation to phyllosilicates. The main target of the study is to test if the multielement concentration level of the till fine fraction is reduced and UW increased as the maturity of till increases. Determination of UW should enable us to appraise degree of maturity and to distinguish glacial and bedrock factors from geochemical till data.
Study material and geological background
The study material was collected from Ruukki, a municipality in Ostrobothnia, lying about 30 km north of Vihanti mine (Fig. 1) . The bedrock of the study area in the Paavola schist belt consists mainly of Svecofennian sedimentogenic and volcanogenic schists with graphite-and suiphide-bearing horizons. Remnants of Jotnian sedimentary rock occur sporadically. The main constituent of the infracrustal rocks is a mediumgrained granitoid (Nykänen 1959) .
Studies of till stratigraphy in Ostrobothnia have revealed two till beds of different age (Nenonen et al. 1990) , the younger one transported from the west and the older one from northeast ( Fig. 1) . Organic material in till has been observed in the Vihanti area (Kauranne 1979 , Nenonen 1985 . Till geochemistry in the Vihanti area has been studied by Kauranne (o/? cit.) . Only weak correlation between the chemical composition of the upper till and the bedrock was observed. The same is concluded by Björklund et al. (1976) .
The study area is flat, and about 70% of it is wetland. The bedrock is almost totally covered by a layer of approximately 10-m-thick Quaternary sediments.
The structure of the glacial deposits consists generally of three units; the top consists of sand or gravel, the middle of loose, sandy, silty or stony till, and the bottom of compact, sandy till or material containing local weathered bedrock (Fig. 1 la) . At Tuohimaa and Koiramaa interglacial organic material occurs abundantly within the lowermost parts of the strata.
Altogether 445 samples from till and weathered bedrock were collected from 145 sampling stations (see Fig. 11a ) using hydraulic and Cobra percussion drills. Some of the samples (288) were set aside for chemical analysis.
The target of sampling was the till/bedrock interface. Some of the samples were taken from the upper portions of the till at intervals of 0.5-1 m. Duplicate samples were also taken. The sampling was partially directed by ground penetrating radar (GPR) (Fig. 12 ).
Analytical methods
The till and weathered bedrock samples were dried at 80°C and sieved into three fractions: 20-2 mm (L fraction), 0.5-0.06 mm (K fraction) and <0.06 mm (fine fraction).
For flame-AAS analysis, a laboratory sample weighing 0.5 g was digested in aqua regia at 90°C and the concentrations of Co, Cu, Fe, Mn, Ni, Pb and Zn were determined. The concentrations of Co, Cu, Mn, Ni, Pb and Zn were given in ppm and those of Fe in percentages.
Element concentrations are partly dependent on the amount of quartz and feldspars as a diluting components.
The mineralogical composition of the fine fraction was determined by XRD (x-ray diffraction method) for 169 till and bedrock samples, from which the percentages of quartz, K-feldspar, plagioclase, hornblende, mica (di-and trioc-taedral) and chlorite (QU, KF, PL, HB, MI, CL) were then calculated. For details see Räisänen et al. (1992) .
The number of mineral species determined by XRD is limited and quality of measurments is semiquantitative. E.g. sulphides are ignored which may in some cases affect the results.
The grain-size distribution of the fine fraction of 63 till samples was determined using a Sedigraph 500ET. The chemical, mineralogical and physical determinations of the fine fraction were made in the laboratories of the Geological Survey of Finland.
Unit weight measurement of the fine fraction of till.
For measurement of the UW there exists geotechnical standards and one of them is the natural state of the sample (Soveri & Kauranne 1972) . In this study, however, UW is measured from the fractionated and crammed till samples and therefore the concept UW in this context differs from that used to describe natural soils. In fact UW is determined by specific gravity of the fine fraction and compressibility, which depends on the grain-size distribution and shape of minerals.
As no standard method was available, the first task was to develop a procedure for measuring the UW of the fine fraction of till (cf. Nieminen 1985) . Good quality measurements apparently depended on efficient cramming: the tighter the material was crammed, the better was the correlation between geochemical variables and also the precision of the measurements. Efficient cramming increases also the values of UW.
The most satisfactory results were obtained with a 1.5 ml glass tube, 3 mm in diameter and 260 mm long. The capacity of the rammer was inversely proportional to the size of the tube, which meant that cramming was more effective in the small (1.5 ml) than in the big (10 ml) tube. The lowermost part of the material became more tightly compressed than the upper part, and thus the upper half of the material was poured away to improve the result. A Vortex laboratory shaker was turned into a rammer by preventing the rotation of the tube with a plastic block.
The UW of the fine fraction of till and weathered bedrock was measured as follows: the fine fraction was crammed into a 1.5-ml glass tube 75 sec. The uppermost half of the material in the tube was then poured away, and the volume and weight of the remainder were measured using the volumetric scale of the glass tube.
The precision of the method was checked by replicate measurements. As shown by Fig. 2 and the correlation coefficient (r= .995), the conformity of the measurements was good.
Statistical methods
The aim of the statistical data processing was to establish the correlations between UW and the geochemical and mineralogical variables. The results were examined to test the validity of the hypothesis that the multielement concentration level decreases as the maturity of the till increases. Unit weight played a key role in the argumentation. Non-statistical evaluation of the hypothesis will be discussed on the basis of selected sampling stations.
Scatter plots were examined with the Spearman's rank correlation coefficients. The use of the rank correlation for geochemical data is recommended since nonparametric methods are less sensitive to anomalous values than the parametric method (Nikkarinen et al. 1991) .
Multidimensional scaling and factor analysis were used to unravel complicated variable relationships from rank correlation matrices. Linear regression was also used to examine the dependences of variables (Norusis 1990) .
Multidimensional scaling is an ordination method, which expresses a multivariate dataset as a two-dimensional scatter plot. This method is based on the Euclidean distances of vectors instead of angles between vectors as in the case in factor analysis (Schiffman et al. 1981 ). Measuring unit level by multidimensional scaling is ordinal in this case and thus the method is more robust than factor analysis.
The data processing was divided into four parts, and the data (n = 288) into subsets according to that division. First the pooled till data were processed (n= 179). Then the duplicate samples and the samples from different depths at the same sampling station were compared with each other (n = 71). Next the data of weathered bedrock (n = 79) were examined and after that correlations between UW and clay content (CC) and the other variables were briefly examined (n = 66).
Results and interpretations

The pooled till data
Processing the pooled till data (n=179) revealed negative correlations between UW and elements as shown in Figs. 3a-3g . The correlations were highest for Fe, Mn, Co and Ni and lowest for Cu, Pb and Zn (Table 1) . A general multielement feature is the decrease in the scatter of concentrations with the incresase in UW. The scatter is lowest when UW exceeds 1.7, but increases in »lighter» material.
The relatively high scatter at high UW values is characteristics for Mn, and it does not affect the concentrations of other elements.
The dependence of Fe on UW was examined with linear regression analysis (Fig. 4) . The linear correlation between variables was made with e-base logarithm translation. The results indicate that 78% of the Fe variation can be explained by UW.
The relation between UW and geochemical 
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-I- Table 1 with multidimensional scaling. The correlation between the UW and the mineralogical composition is statistical significant (Table 1) . It seems that the shape of minerals in the till material affect more to UW than specific gravities (D KF = 2.6, D QU = 2.65, D PL = 2.7, DCL = 2.9, Dbio,i,e = 3.0, D muscovite = 2.85). Powder constituting of mica plates and clay minerals are apparently less compressible than that of equidimensional feldspar and quartz grains. Efficiency of packing seem to depend also on the grain-size distribution, but strict examination of the causalities is beyond the present study.
Factor analysis was also performed on the correlation matrix, and the factor 1 support the inferences made on the relationships between mineralogy, UW and geochemical composition (Table 2 ). On the basis of the factor 2, there exists some independence between mineralogical and geochemical composition in till, because MI, HB and QU bear highest loadings.
The first stage of data processing revealed thorough trend in the characteristics of the fine fraction, there being strong covariations between the geochemical, mineralogical and physical parameters. On the basis of matrix configuration (Fig.  5 ) only mineralogical aspects cause the observed variation in the maturity of till. This is supported also by processing the duplicate and overlaying till data and the bedrock data. It was further deduced that the grade of maturity can be expressed with UW.
Duplicate samples and samples from different depths
The pooled data deriving mainly from areally scattered samples include the areal variation in glacial condition and bedrock composition (Figs.  3a-3g ). Duplicate samples (n= 10) were compared ( = local variation) to emphasize the glacial process of one stage. Pairs of samples from different levels of a till bed at the same sampling station were also compared, i.e. the ratio of the element content in the upper sample to the ele- Table 1 expressed in two dimensions with multidimensional scaling. The figure is based on pooled till data. Chlorite = CL, hornblende = HB, K-feldspar = KF, mica = MI, plagioclase = PL, quartz = QU. Fig. 7 . Configuration of the rank correlation matrix calculated from the bedrock data in Table 3 . Dimensions (D1 and D2) are not comparable to those of Fig. 5 . ment content in the lower sample was established (see Fig. 11a ). The vertical distance between the samples was mostly 0.5-1 m. The majority of the pairs represent the same till unit, but at some sites they differed in age and were eliminated from further examination (see Figs. 1 la and 12). As the comparison of duplicate samples and samples from different depths gave similar and Table 2 . Result of the factor analysis from the matrix in Table 4 . Result of the factor analysis from the matrix in Table 1 . statistically significant results, the materials were combined and the data were reprocessed (n = 71).
The results indicate that the relation between UW and concentration is similar within a till bed (local variation) and on the scale of the entire data set (local + areal variation). Thus the relation between the element concentrations and UW is accounted for the maturity of till. Only relative values of UW and the relative variation in the concentration of Fe between 0.5 and 1.75 are given (Fig. 6 ).
The data of weathered bedrock
The rank correlation coefficients between variables were also calculated from the data of weath- ered bedrock (n = 79), (Table 3) . Multidimensional scaling and factor analysis were applied to the matrix (Fig. 7 , Table 4 ). The relationships between mineralogy and geochemical composition and UW are more complicated as those of till (Table 2 , Fig. 5 ). According to factor analysis UW of the fine fraction of weathered bedrock is related mostly on the specific gravity of minerals, because UW and QU have highest loadings in the factor 4 -i.e. shape of minerals affect to a lesser amount to UW in weathered bedrock than in till. Opposite relationships of QU and UW can be seen also in Fig. 6 .
In the other factors loadings of UW are rather low. The first factor reflect the variation of compositional scale between red granitoids and supracrustal schists. According to the second factor Cu, Pb and Zn are associated with chlorite (sulphides are ignored in this context). The third factor indicates independence of the mineralogical and geochemical composition, which is possibly a consequence of the limited scale of mineral species.
The variation in UW values is less marked in the fine fraction of weathered bedrock than in till. Quartiles of UW in the till data are 1.50, 1.70 and in the weathered bedrock data 1.43, 1.52. It suggest the dominant role of glacial maturity for UW in till (Fig. 8) .
Clay-content and UW of the fine fraction
The abundance of clay-sized material (<0.002 mm) (CC) in the fine fraction was also determined and was found to correlate well with UW (Fig. 9) . The absolute values of the correlation coefficients between CC and other variables are, however, lower than those for UW (Table 5) . For positive correlations, opposite numbers of UW were calculated, and the configuration of the matrix was presented with multidimensional scaling. The difference in relationships between UW, CC and the geochemical variables is shown in Fig.  10 , where UW plots among elements, but CC lies farther away from the element cluster. It is irrelevant whether the better multielement correlation with UW than with CC is natural or is due to a difference in precision; what matters is that it proves the applicability of UW to till geochemistry.
Discussion and conclusions
The data processing was formulated to establish the dependence of the physical, mineralogical and chemical properties of the fine fraction of till. Different statistical approaches indicated that the multielement concentration level decreases as UW increases owing to an increase in Fig. 10 . The configuration of the rank correlation matrix in Table 5 . Note that opposite numbers of UW were calculated for the correlation matrix.
the abundances of feldspars and quartz relative to those of mica and chlorite (Figs. 3a-3g, 5) . The main cause of this trend is increase of maturity linked with glacial processes. Bedrock affects to the trend to a lesser amount.
The physical and geochemical properties of the fine fraction of weathered bedrock are more complicated than those of till (Tables 2 and 4) . UW in the weathered bedrock data depends on the specific gravity of minerals, whereas UW in till is related to the proportion of phyllosilicates with respect to that of QU and PL. The distribution of UW is more limited in the weathered bedrock data as in the till data, indicating the effect of glacial processes to UW. The study of duplicate samples and samples from different depths led to the same conclusion (Fig. 6) . Maturity of till generally increases toward upper level of till units, complicating the situation as later will be discussed.
Fundamental control of maturity is the difference in the resistance of minerals and susceptibility to outwashing, and this seems explicitly to result in the enrichment of feldspars and quartz (more resistant minerals) relative to chlorite and mica (less resistant minerals). The mineralogical trend occurs in the first stage of the maturing progress since phyllosilicates are not only the least resistant mineral components; they are also the most susceptible to outwashing.
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The validity of the hypothesis and observations can be tested by microscopic examination of till fabrics. Samples with high UW and maturity often have thick quartz-feldspar seams and low multielement concentrations. Thin phyllosilicate laminae between thick quartz-feldspar seams indicate efficient outwashing of clay-sized material. Outwashing also manifests itself in the deficiency of clay-sized material in the fine fraction with high UW (Fig. 9) . Without the outwashing, increasing comminution would have increased the content of clay fraction. Low grade of the maturity is reflected in the massive fabric, or thick laminae/lenses with phyllosilicates, and in the inverse variable relationships.
According to Haldorsen (1983) , the abundance of micas depends on the degree of both comminution and outwashing; but also on the types of till: basal lodgment till or melt-out till. The results of the present study suggest that outwashing is a more significant process for UW than comminution.
Maturity of till seems to be controlled by glaciodynamics. Material with high UW and a low multielement concentration occurs in the upper part of till bed II on the lee-side of elevations (sampling stations 9171023 and 9171027, Fig.  1 la) . Haldorsen (op. cit.) too, found that lee-side whereas scatter decreases towards upper horizons ( Fig. 1 la,b) . Briefly, the composition of bedrock affect most to the composition of till in the deepest part of till bed. The result is self evident in a way, but it helps to understand geological basis of variation and restrictions for the interpretation of geochemical data (cf. Salminen & Hartikainen 1985) . Emphasizing the bedrock factor in the geochemical till data, the sampling should be performed in the vicinity of the bedrock, where till is least mature (cf. Hirvas 1991 p. 39) . In some cases it cannot be performed (see Fig.  12 ). Samples from the upper parts of till bed represent the population with high UW and the contribution of glacial processes in the total variation is emphasized. till is highly mature.
The sampling station data revealed that the multielement concentration level and the abundance of phyllosilicates generally increase towards the deepest part of the till beds, with a concomitant decrease in UW (Fig. 1 la) (cf. Kauranne 1979) . Occasionally, however, the lower till bed is more mature than the upper one, as shown by the reduction in the multielement concentration level towards the base of the till bed with the increase in UW (Fig. 12) . The mineralogical composition varies as stated above. As regards with till stratigraphy in Fig. 12 , it apparently represents till units Saalian and Weichselian in age (Nenonen et al. 1990) . There is an analogy between tills in Pyhäsalmi, where the lower till contains less clay-sized fraction than the upper one (Hirvas et al. 1988 , Nenonen 1985 .
The dominant role of glacial processes explaining the variation in geochemical and mineralogical composition of till has emphasized earlier.
Closer consideration, however, reveals a spatial dependence of the variation, since compositional scatter of till is greatest in the vicinity of bedrock The quantitative aspect of glacial and bedrock factors has been discussed in earlier studies on till geochemistry (Koistinen & Gaål 1988 , Lestinen et al. 1991 . In the factor analysis of both the above studies, the first multielement factor explains 41% of the total variation, suggesting bedrock and/or glacial causality. The combined percentage of total variation for the second, third and fourth factors is generally less than 30.
Mineralogical study of the fine fraction in Kiuruvesi-Pihtipudas area showed, that major multielement variation is linked to the maturity of till (Räisänen et al. 1992) . On the other hand Mäkinen (1991) established on the statistical basis that the absolute concentration levels are related to glacial geology but the proportional concentration levels to bedrock. This indicates the existence of glacial and bedrock factors in the till data, and the dominant percentage of the glacial factor in the total variation (the first factor in Koistinen & Gaål 1988) .
The scale of inspection applied in this study suggest an open system, but on an areal scale the situation is different. Even so, the same process seems to have occurred in both cases (Mäkinen 1991 , Räisänen et al. 1992 . It is therefore reasonable to suppose that, on an areal scale, glacial and bedrock factors can be distinguished with UW, reflecting the grade of maturity. The percentage of clay-sized material in the fine fraction also indicates the degree of maturity, but not as well as does UW (Fig. 10) . As a whole, the residuals in the UW regression model should refer to relative concentrations, reflecting the composition of the bedrock (Fig. 13) .
The dependence of UW on bedrock introduces some uncertainty into UW modelling. However, examination of geochemical parameters would give auxiliary information that can be used to extract the bedrock factor. For UW modelling it is important to know whether the fine fraction originates from felsic or mafic rocks.
The confidence of the regression model, which is highest for Co, Fe, Mn and Ni and lowest for Cu, Pb and Zn (Figs. 3a-3g ), can also be considered in statistical and geological terms. With decreasing UW, heteroscedasticity reduces the confidence of the model but then the till composition corresponds best to the bedrock composition. On the other hand, with increasing UW, the model and data are in good agreement but in this case the composition of till was modified in a progress of the maturity.
Application of the method provides fresh insight into the computing of till data. »Outwash-ing» the glacial information from the till data emphasizes the information inherited from the bedrock. It also enables the quality of the information to be evaluated, since maturity of till samples is indicated by UW. Consequently, the original till data should be considered as relative, but after UW reduction, the computing can be performed in Euclidean space.
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